Background: Currently, osteochondral allografts (OCA) are typically used after 4°C storage for prolonged durations (15-43 days), which compromises chondrocyte viability, especially at the articular surface. The long-term in vivo performance of these freshstored allografts, in association with variable cellularity, is unknown.
Osteochondral allografting is a desirable treatment option to repair large articular defects, providing functional restoration of the affected joint. Traditionally, osteochondral allografts were implanted fresh, within 7 days, and have high chondrocyte viability at implantation. Use of such fresh allografts has resulted in long-term clinical success rates exceeding 75%. 4, 7, 9, 12, 24 Currently in the United States, osteochondral allografts are stored at 4°C to accommodate commercial screening and processing protocols, with testing typically requiring at least 14 days. 1, 20, 44 Such fresh-stored osteochondral allografts are routinely used after 4°C storage for prolonged durations (15-43 days) , which compromises chondrocyte viability and has resulted in some short-term clinical improvement compared with preoperative function for small cohorts of patients. 11, 20, 23, 44 However, long-term in vivo performance of these fresh-stored allografts, in association with variable cellularity, is unknown.
The long-term efficacy of osteochondral allografts is thought to be due to the presence of viable chondrocytes within graft cartilage, which preserves tissue homeostasis and prevents degeneration. Preserving chondrocyte viability during allograft insertion, as well as storage, may be critical to graft function. Significant impaction forces can sometimes be generated during insertion of osteochondral allografts, and such supra-physiologic loading and other traumatic injury has deleterious effects on chondrocyte viability, especially at the articular surface. 6, 15, 19, 31, 39, 41 In addition, during prolonged 4°C storage, chondrocytes, particularly in the superficial zone of cartilage, succumb with increasing storage duration; chondrocyte viability deteriorates substantially in the superficial zone by 14 days 3, 27 and overall by 28 days. 3, 27, 32, 33, 42, 43 Although shorter 4°C storage durations (ie, 14 days) preserve overall chondrocyte viability, acquisition and distribution of these allografts are logistically challenging. Significant loss of viable chondrocytes at longer 4°C storage durations (ie, 28 days) may contribute to graft degeneration and subsequent failure, but the increased storage duration allows for easier distribution of allografts. Investigating the relationship between these critical storage durations and repair outcomes may expand/limit the definition of suitable graft tissue.
Determinants of long-term osteochondral allograft function can be pursued using multiscale analyses of cartilage repair in animal models. In such animal models, allografts stored at 4°C for 14 days appear grossly, biochemically, and biomechanically similar to fresh allografts at short postoperative durations up to 3 months 26 but exhibit mild to moderate gross degenerative changes at 6 and 12 months. 34, 37 Allografts stored at 4°C for .21 days have variable outcomes; some grafts tend to undergo severe degeneration, whereas others tend to be similar in appearance to fresh grafts and grafts stored at 4°C for 14 days. 21, 34 At 12 months, some 4°C-stored allografts appear qualitatively to have diminished cellularity at the cartilage surface, 34 which may be an important predictor of longterm graft efficacy. Although storage duration did not correlate with histologic appearance at 12 months, 34 other determinants of repair outcomes have not been investigated. Quantitative analysis of cellularity in retrievals and its relationship to graft efficacy may expand the current understanding of in vivo maintenance of cartilage structure, composition, and function.
Thus, the hypothesis of this study was that decreased chondrocyte viability in stored osteochondral allografts is associated with poor repair outcomes. The specific aims were to determine the effect of allograft storage on the macroscopic structure, cellular and matrix fixed charge composition, and biomechanical function of cartilage within osteochondral allografts retrieved at 12 months in a goat model, and to assess the associations between chondrocyte cellularity and cartilage structure, matrix fixed charge, and biomechanical stiffness.
MATERIALS AND METHODS

Experimental Design
Adult Boer goats (n = 16, 2-3 years old) were operated in 1 knee with Institutional Animal Care and Use Committee approval. Each operated knee received 2 site-matched osteochondral allografts; 1 was implanted into the medial femoral condyle (MFC) and 1 into the lateral trochlea (LT) sites. Grafts of different storage treatments (frozen, fresh, or stored at 4°C for 14 days or 28 days) ( Figure 1 ) were implanted alternatingly into the MFC and LT sites. Contralateral knees were nonoperated controls (Non-OP). At 12 months, animals were euthanized and both knees analyzed, assessing macroscopic and histologic structure, cellular and matrix composition, and biomechanical function.
Donor Preparations
Donor osteochondral allografts were prepared from both knees of adult Boer goats (n = 8, 2-4 years old). Hindlimbs were received on wet ice within 24 hours of sacrifice. Under aseptic conditions, each knee was harvested and divided into condyle and trochlea fragments. Fragments were thoroughly rinsed with phosphate-buffered saline (PBS; Mediatech Inc, Manassas, Virginia) supplemented with antibiotics-antimycotics (100 U/mL penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL fungizone) (PSF; Life Technologies, Grand Island, New York). Some fragments (n = 8) were stored frozen at -70°C for 10 days (FROZEN group). Other fragments (each, n = 8) were stored at 4°C in tissue culture medium (low-glucose Dulbecco's modified Eagle's medium [GIBCO, North Andover, Massachusetts], 10% 
Allograft Surgery
Osteochondral allografting was performed through a medial knee arthrotomy under general anesthesia, as previously described. 29 Briefly, the knee joint was exposed through a medial parapatellar incision and lateral patellar dislocation. An osteochondral defect (diameter [dia] = 7.5 mm, height [ht] = 5 mm) was created at MFC and LT sites under continuous saline irrigation. An orthotopic cylindrical osteochondral plug (dia = 8 mm, ht = 5 mm) was harvested from donor tissue, thoroughly cleansed with saline, and inserted carefully into the defect with gentle impaction until the graft was flush with the surrounding articular surface, using a graft tamp and load-cell instrumented mallet. After closure, the operated knees were cast in a modified SchroederThomas splint for 13 days to limit weightbearing. 25 Animals were monitored postoperatively for pain and lameness throughout the study. After 12 months, animals were euthanized with potassium chloride (1-2 mmol/kg) intravenously under stage III anesthesia. One animal was sacrificed at 2 months because of a lateral dislocated patella, and analysis was not included in the study.
Surgical Graft Insertion
Graft insertion parameters, including impaction force (peak and average), impulse (average and total), tap duration, and number of taps, were measured using a mallet instrumented with a dynamic force sensor (model 208C05; PCB Electronics, Depew, New York) to allow loads to be recorded during gentle mallet impaction. 6 Force-time data were acquired at 50 kHz and processed to determine impaction parameters. The loading force (N) was taken as the peak or average of all taps, the magnitude of the load impulse (NÁs) was calculated as the area under the force-time curve for each tap and all taps, and the impact duration (ms) was calculated as the average interval between half-maximum loads.
Repair Site Analysis
Intact knee joints were received on wet ice within 24 hours of sacrifice. Distal femurs were harvested, photographed, and examined grossly. Next, osteochondral cores (dia = 15 mm, ht~8-10 mm) were isolated to encompass the experimental site, using a custom coring bit under irrigation with cold PBS1PSF. Samples were tested biomechanically, and then osteochondral slabs (width = 2 mm), cut centrally from proximal to distal, were isolated. Osteochondral slabs were fixed in 4% paraformaldehyde and then analyzed for cellularity, matrix fixed charge, and histopathology index.
Macroscopic Structure
Macroscopic structure of repair tissue was evaluated grossly for surface texture, defect filling/size, and graft-recipient cartilage integration. The gross score had a 0-9 scale, with high scores corresponding to degeneration and/or poor repair. 13 Scores were averaged from 2 blinded observers. Surface texture was scored for the central region of the repair tissue, from normal (score = 0) to \50% normal (score = 3). Defect filling/size was scored based on surface congruity and repair size, as normal/flush with dia~8 mm (score = 0), flush with 5 mm dia \ 8 mm (score = 1), flush with dia \ 5 mm or depressed with 5 mm dia \ 8 mm (score = 2), and depressed with dia . 5 mm (score = 3). Graft-recipient cartilage integration was scored based on transition across the host and repair region, from complete integration (score = 0) to \50% smooth transition (score = 3).
Cartilage Composition
Cellularity was assessed with depth from the articular surface. Cell nuclei were labeled fluorescently, and full-thickness cartilage was imaged along a vertical profile to a depth of 45 mm at 1.5-mm intervals by confocal microscopy (Leica TCS SP5, Buffalo Grove, Illinois). Image stacks were processed in 3 dimensions with a custom routine to localize and count cells. 17 The articular surface was segmented manually from a single background image that clearly delineated the boundaries of cartilage. Cellularity was calculated as the number of cells divided by cartilage volume (cells/cm 3 ) from the segmented articular surface (by 50-or 100-mm intervals). Cellularity at selected intervals (0-50, 51-200, 201-600 mm) from the articular surface was reported. Cellularity at all 50-to 100-mm bins at depths up to 600 mm are reported in the online supplementary material (available at http://ajs.sagepub.com/supplemental). Cellularity at depths .600 mm, in thicker cartilage samples, was similar to cellularity at depth = 500-600 mm (data not shown). Representative cellularity images were illustrated by merging 5 fluorescent images from the stack (at 0, 7.5, 15, 22.5, and 40.5 mm) to form a single image. For correlations, cellularity was calculated for superficial, middle, and deep zones of cartilage, defined as 0%-15%, 15%-50%, and 50%-100% of the cartilage thickness.
Matrix fixed charge in cartilage was assessed by Hexabrix-Enhanced micro-computed tomography (HEmCT), as previously described. 29 Hexabrix, an ionic contrast agent, distributes inversely to the fixed charge density in soft tissues and is therefore a sensitive (inverse) indicator of proteoglycan content. 30 Briefly, fixed osteochondral slabs were incubated for~1 day in a Hexabrix (20%, by volume in PBS) solution and then imaged in 3D using mCT (Skyscan 1076, Kontich, Belgium): 70 kV, voxel = (18 mm) 3 . HE-mCT value, expressed as percent, was determined by comparing the imaged x-ray attenuation value to Hexabrix phantoms, fit by linear regression, within the segmented cartilage region (width = 2 mm). The spatial variation in matrix fixed charge was illustrated with color maps representing 0% to 20% HE-mCT value within the cartilage. The American Journal of Sports Medicine
Cartilage histopathology was assessed with the modified Mankin score 38 using safranin-O and hematoxylin/ eosin (H&E) stained slides because osteochondral allograft repair resembles normal hyaline cartilage structure at the time of implant. Previously fixed osteochondral slabs were decalcified, embedded in paraffin, sectioned at 7 mm, deparaffinized, stained, and digitized at 203 (model SCN400; Leica). The histopathology score had a 0-15 scale, with high scores corresponding to degeneration. Scores were averaged from 2 blinded observers.
Biomechanical Function
Cartilage loadbearing function was assessed by indentation testing at the center of each osteochondral core. Using a benchtop mechanical tester (v500cs, Biomomentum, Inc, Laval, Quebec, Canada), samples were compressed rapidly by 100 mm, at 3 sites 0.5 mm apart (proximal to distal). 22 The peak load was divided by the indentation depth, normalized to cartilage thickness and indenter tip area, and the 3 points averaged to determine the indentation material stiffness, expressed in units of MPa.
Statistical Analysis
Data are presented as mean 6 standard error of the mean. For each Non-OP knee (n = 15), metrics at MFC and LT (except cartilage stiffness and thickness) were averaged. The effect of allograft storage (Non-OP, FROZEN, FRESH, 4°C/14d, 4°C/28d) on cartilage cellularity and HE-mCT value were determined by analysis of variance (ANOVA). For cellularity, depth (0-50 mm, 51-200 mm, 201-600 mm) from the articular surface was considered a repeated measure, and a 2-way repeated measures ANOVA was performed. For metrics (ie, cartilage stiffness and thickness) that varied at MFC and LT in Non-OP, effect of allograft storage and site (MFC, LT) was determined by 2-way ANOVA. Tukey post hoc comparisons were performed to compare treatments with significant differences (P \ .05). For nonparametric data (ie, gross and histopathology scores), samples were analyzed analogously using KruskalWallis and Dunn tests. Power analysis (a = .05 and 1 -b = 80%) was performed with superficial chondrocyte cellularity as the primary end point, based on variability (standard deviation [SD] , 670 cells/mm 2 ) from previous studies 27 and an effect size of 1.6, which was sufficient to distinguish superficial chondrocyte viability in 4°C/28d stored osteochondral allografts from fresh controls in previous in vitro studies 27 ; the resulting sample size was estimated to be n = 8 per treatment group. For secondary end points where effect size may be smaller or which differed at sites, power may not be sufficient to detect significant differences.
The relationships between indices of cartilage health and chondrocyte cellularity were assessed by regression. Gross and histopathology scores were correlated with cellularity by nonparametric Spearman rank method.
14 HE-mCT value (inverse of matrix fixed charge) and cartilage stiffness were correlated with cellularity by linear regression. Coefficients of determination, R 2 (parametric) and r 2 (nonparametric), are reported for significant relationships (P \ .05).
RESULTS
Surgical Graft Insertion
Graft insertion parameters (mean 6 SD), including impaction force, impulse, tap duration, and number of taps, did not vary with allograft storage (P . .4). Allografts were inserted with 36 6 20 taps, for a total impulse of 6.77 6 3.35 NÁs. For graft insertions, each tap was moderate, with peak and average forces of 415 6 14 N and 197 6 7 N, respectively, and impulse of 0.20 6 0.03 NÁs for 2.71 6 3.93 ms duration. Two grafts required 96 and 112 taps, which is about 3 standard deviations away from the mean number of taps.
Cartilage Composition-Cellularity
Quantitatively, chondrocyte cellularity varied with allograft storage (P \ .001), with depth from the articular surface (P \ .001), and with a significant interaction effect (P \ .001). Cellularity in the Non-OP was similar to FRESH (P . .9), decreasing throughout the cartilage depth (see Supplemental Figure S1 , available online), and was 23.7 6 1.7310 6 cells/cm 3 for depth = 0-50 mm, 23.0 6 1.8310 6 cells/cm 3 for depth = 51-200 mm, and 13.3 6 0.9310 6 cells/cm 3 for depth = 201-600 mm from the articular surface (Figure 2 ). At the articular surface for depth = 0-50 mm, cellularity in 4°C/14d and 4°C/28d stored allografts was~60% lower than in Non-OP (95% confidence interval [CI], 49%-72%; each, P \ .001) and tended to bẽ 55% lower than in FRESH (CI, 32%-76%; each, P = .07). At depth = 51-200 mm and 201-600 mm, cellularity in 4°C/14d and 4°C/28d stored allografts was similar to that in Non-OP and FRESH (each, P . .7) but~98% higher than FROZEN (CI, 95%-100%; P \ .001 vs all storage treatments).
Representative confocal images and histological sections of cartilage within the graft region agreed qualitatively with the above quantitative cellularity data. Non-OP and FRESH Figure 2 . Effect of in vivo allograft storage on cellularity at selected depths from the articular surface. Bars represent mean 6 standard error of the mean. ***P \ .001. See Supplemental Figure S1 , available online, for detailed cellularity by depth. MFC, medial femoral condyle; LT, lateral trochlea; Non-OP, nonoperated controls. allografts had typical chondrocyte organization, with flattened cells at high density near the articular surface and columns of cells at lower density in the deeper regions of cartilage ( Figure 3, A, B , F, G, K, L, P, Q). In 4°C/14d and 4°C/28d stored allografts, cellularity was diminished at the articular surface but was similar to Non-OP and FRESH in deeper regions of cartilage; confocal images lacked flattened cells (Figure 3, C-D, H-I) , and histological sections showed empty cellular lacunae at the articular surface (Figure 3 , M1-NI, R1-S1). FROZEN allografts were acellular in both confocal images and histological sections (Figure 3 , E, J, O, T).
Macroscopic Structure
Gross score varied with allograft storage (P \ .001). Overall joints appeared macroscopically normal, with no osteophyte formation or extensive degeneration (Figure 4, A-D) . The Non-OP gross score was 0.4 6 0.1 and was lower than all other allograft storage treatments (each, P \ .001) ( Table 1 ). Gross score in FRESH was consistently low at MFC (range 2-3; Figure 4E ) but was more variable at LT (range 3-8; Figure 4I ) and similar to 4°C/14d (range, 2-7) and 4°C/28d (range, 3-9) stored allografts (Figure 4 , F, G, J, K) (P . .9). Gross score was 7.9 6 0.8 in FROZEN (Figure 4 , H, L) and higher than FRESH, 4°C/14d, and 4°C/28d (P \ .01 vs FRESH, P \ .001 vs 4°C/14d, P \ .05 vs 4°C/ 28d) ( Table 1) . Surface texture was similar among FRESH, 4°C/14d, and 4°C/28d (P . .6). Defect filling/size tended to be worse in 4°C/28d versus 4°C/14d stored allografts (P = .1) but still better than in FROZEN (P \ .05). All implanted allografts remained clearly demarcated from the surrounding host cartilage at retrieval; 4°C/14d and 4°C/28d stored allografts had worse cartilage integration scores than FRESH at MFC (each, P \ .01) (see Supplemental Table S1 , available online).
Histopathological Structure
Histopathology score varied with allograft storage (P \ .001). Non-OP histopathology score was 2.4 6 0.3, similar to FRESH (P . .9) and lower than in FROZEN (P \ .001), 4°C/14d (P \ .05), and 4°C/28d (P \ .01) ( Table 1) . Histopathology score tended to increase with increasing 4°C-storage duration. Histopathology score was 4.1 6 1.4 in FRESH and tended to be lower than in 4°C/14d (P = .2) and 4°C/28d (P = .1) stored allografts. Histopathology score was 12.4 6 0.8 in FROZEN, higher than in FRESH (P \ .001), 4°C/14d (P \ .05), and 4°C/28d (P \ .05). Surface irregularity followed similar trends to overall histopathology score, whereas vertical clefts, transverse clefts, and cloning were similar among FRESH, 4°C/14d, and 4°C/28d (P . .7). Hypocellularity score in 4°C/14d and 4°C/28d stored allografts was higher than in FRESH (each, P \ .001) and Non-OP (each, P \ .001) but lower than in FRO-ZEN (each, P \ .01) ( Table 1) .
Cartilage Composition-Matrix Fixed Charge
Quantitatively, in addition to visualizing overall qualitative patterns, HE-mCT varied with allograft storage (P \ .001). HE-mCT value in Non-OP was similar to that in FRESH (P . .6) ( Figure 5 ). Matrix fixed charge tended to be lower in 4°C/14d and 4°C/28d stored allografts than in FRESH Table S1 (available online) for scores at medial femoral condyle (MFC) and lateral trochlea (LT) sites. Non-OP, nonoperated controls. Gross score (0-9) was determined by assigning a score of 0-3 (with 0 representing normal and 3 representing severe degeneration) for the following gross morphological characteristics: surface texture, defect filling/size, and graft-recipient cartilage integration. (P = .1 and .2, respectively), as indicated by a~20% increase in HE-mCT value (CI, 12%-31% for 4°C/14d and 9%-30% for 4°C/28d) ( Figure 5 ). Matrix fixed charge was lowest in FRO-ZEN; HE-mCT value in FROZEN was~35% higher than in Non-OP and FRESH (CI, 21%-49%; each, P \ .001) and 22% higher than in 4°C/14d and 4°C/28d stored allografts (CI, 10%-35%; each, P \ .05).
Collectively, HE-mCT analysis and safranin-O histology indicated qualitatively that matrix fixed charge was similar between Non-OP and FRESH, slightly decreased in 4°C/14d and 4°C/28d, and further decreased in FROZEN allografts. Highest HE-mCT values (in red), which represent low matrix fixed charge, were present throughout the depth of FROZEN ( Figure 5, E, O) . Moderate HEmCT values (in orange and yellow) were present in 4°C/ 14d and 4°C/28d ( Figure 5, C-D, M-N) , and low HE-mCT values (in blue), which represent high matrix fixed charge, were absent in FROZEN and present in Non-OP and FRESH ( Figure 5 , A, B, K, L). Representative safranin-O histology confirmed the mild loss of proteoglycans in 4°C/ 14d and 4°C/28d and extensive loss in FROZEN versus Non-OP and FRESH allografts ( Figure 5 , F-J, P-T). Safranin-O score in Non-OP was similar to that in FRESH (P . 1.0) ( Table 1) . Safranin-O staining intensity was consistently high in FRESH (Saf-O = 0, 5/7 allografts), moderate in 4°C/14d (Saf-O = 1, 6/8), and weak in 4°C/ 28d (Saf-O = 2, 5/8). Safranin-O score was 3.0 6 0.0, indicating absence of staining, in FROZEN and higher than all storage treatments (P \ .001 vs Non-OP and FRESH, P \ .01 vs 4°C/14d and 4°C/28d) ( Table 1) .
Biomechanical Function
Cartilage material stiffness varied with allograft storage (P \ .001) and with site (P \ .001) but without an interaction effect (P = .3). Stiffness in Non-OP was similar to that in FRESH, 4°C/14d, and 4°C/28d at MFC (P . .4; Figure  6A ) and at LT (P . .8; Figure 6B ). Stiffness in FROZEN was lower than in Non-OP, by~80% at MFC (CI, 72%-91%; P \ .01) and by~95% at LT (CI, 93%-97%; P \ .01). Stiffness in FROZEN also tended to be lower than in FRESH, 4°C/14d, and 4°C/28d, by~75% at MFC (CI, 57%-92%; P = .3 vs FRESH, P = .2 vs 4°C/14d, P = .08 vs 4°C/28d) and by~94% at LT (CI, 88%-99%; P = .06 vs FRESH, P = .1 vs 4°C/14d, P = .4 vs 4°C/28d).
Cartilage thickness varied with allograft storage (P \ .01), site (P \ .001), and an interaction effect (P \ .05). Cartilage thickness was~40% thinner (CI, 36%-45%) at LT (0.72 6 0.21 mm) than at MFC (1.78 6 0.54 mm) (Figure 6 ). At MFC, cartilage thickness in 4°C/14d and 4°C/28d was~45% thicker (CI, 28%-65%; P \ .05) than in FROZEN but similar to that in FRESH (P . .6).
Relationships of Cartilage Health and Cellularity
Indices of cartilage health, including gross score, histopathology score, matrix fixed charge, and cartilage stiffness, correlated significantly with cartilage cellularity (see Supplemental Table S2 , available online). For MFC and LT combined (MFC&LT), gross score and histopathology score correlated negatively with superficial cellularity (each, r 2 = 0.6, P \ .001) (Figure 7 ). HE-mCT value, inversely related to matrix fixed charge, also correlated negatively with superficial cellularity (R 2 = 0.2, P \ .001) (Supplemental Figure S2A , available online), whereas cartilage stiffness correlated positively with overall cellularity (R 2 = 0.4, P \ .01) (Supplemental Figure S2B, available online) . The MFC and LT sites also exhibited similar trends to MFC&LT, except HE-mCT value versus superficial cellularity for MFC (R 2 = 0.1, P = .1) and gross and histopathology scores versus deep cellularity for MFC (r 2 = 0.3, P = .1).
DISCUSSION
The results demonstrate that reduced cellularity at the articular surface of osteochondral allografts resulting from various storage conditions was associated with poor structural, biological, and biomechanical repair outcomes at 12 months in the goat. The cartilage of fresh osteochondral allografts, representing the best condition of implant viability, had similar tissue properties to Non-OP site-matched cartilage, and the normal organization of chondrocytes provided sufficient biological remodeling capacity to sustain cartilage structure, matrix content, and mechanical properties (Figures 2-6 ). In contrast, the cartilage of frozen osteochondral allografts, representing the worst condition of implant viability, was acellular (Figures 2-3 ), could not maintain biological homeostasis, and resulted in a tissue that was structurally deteriorated and mechanically soft (Figures 4-6) . Intermediately, the cartilage of 4°C-stored osteochondral allografts, stored at 4°C for 14 days and 28 days, were similar, and both were inferior to fresh grafts but marginally better than frozen grafts. Cellularity was reduced at the articular surface (Figures 2-3 ) and accompanied by reduced matrix content ( Figure 5 ) and structural properties ( Figure 4 , Table 1 ), suggesting that decreased cellularity, as a result of 4°C storage for 14 to 28 days, detrimentally affects repair outcomes. The associated decline in surface cellularity with overall tissue properties in retrieved osteochondral allografts suggests that 4°C-stored grafts are somewhat susceptible to tissue degeneration. Early signs of tissue structural deterioration in 4°C-stored grafts, including reduced proteoglycan content, increased surface irregularity, and poor graft-host cartilage integration, suggest inadequate biological remodeling capacity of the remaining chondrocytes to sustain long-term function. Although variable gross scores (range, 1-9) and qualitatively diminished surface cellularity for 4°C-stored allografts were consistent with previous animal studies, 21, 34, 37 the significant relationship between surface cellularity and repair outcomes reported here suggests that chondrocytes at the articular surface are vitally important to maintain tissue structure, composition, and function. Since surface chondrocyte viability during allograft storage appears to be a strong determinant of tissue properties, storage conditions that preserve surface viability are essential for long-term repair efficacy.
Although reduced cellularity at the articular surface, as a result of 4°C storage, detrimentally affected repair efficacy in the goat, translation to the clinical situation may be dependent on several factors. The goat provided a useful large animal model for studying osteochondral defect repair because it exhibits limited intrinsic healing 10 ; however, the 8-mm diameter defects in the current study were larger than the critical defect size of 6 mm for goats, 16 although smaller than that commonly found in humans. 10 Measuring cellularity within 100 mm from the surface distinguished a region of cartilage in the goat vulnerable to cell death. In human cartilage, cells within an absolute distance from the surface may be affected, or this vulnerable region may scale relative to cartilage thickness. Although chondrocyte viability was similar between human 32,33 and caprine 22, 27 osteochondral tissue following clinically established 4°C storage conditions, in vivo repair efficacy in humans may be related to an absolute minimum number of cells rather than overall/ regional cell density important in the goat model. Thus, evidence of reduced repair outcomes with increasing storage in this report suggests that 4°C storage duration should be limited before allograft implantation in patients.
Consistently good repair outcomes at MFC with fresh allografts may be due to normal chondrocyte density in vivo, maintaining homeostasis of the osteochondral unit. Appropriate zonal chondrocyte organization in fresh allografts provided biological remodeling to preserve the articular surface, sustain bulk tissue properties, and prevent progressive deterioration to graft failure (Figures 2-6 ). Such maintenance of bulk tissue properties allows cartilage to function normally by supporting joint loads through pressurizing interstitial fluid 2 and preventing excessive tissue deformation and fluid exudation into the underlying subchondral bone plate, which would accelerate cartilage and bone degeneration. Although cartilage integrity was preserved, most allografts (irrespective of storage treatment) contained subchondral bone cysts at 12 months; investigating the possible interactions between cartilage and bone during repair may be critical to osteochondral repair efficacy. Variable gross and cartilage histopathology results with FRESH allografts at LT may be due to inherent differences between the MFC and LT sites (ie, cartilage thickness, loading environment) and are consistent with clinical results suggesting that patellofemoral lesions have worse clinical outcomes than femoral condyle lesions. 4, 9, 18, 40 However, some repair outcomes (ie, cartilage stiffness and matrix content) were similar at MFC and LT, suggesting that the tissue is functioning normally, and these repair outcomes were consistent with maintenance of surface cellularity. Thus, cartilage repair outcomes for fresh allografts serve as a good baseline from which to compare the outcomes of 4°C-stored grafts.
Osteochondral allograft insertion parameters reported here were generally below the levels to cause significant cell death, 19, 31, 39 and were consistent with previous human cadaveric 6, 31 and animal 15 studies. Although chondrocyte viability, especially at the articular surface, is generally inversely related to impact stress, 19, 31, 39, 41 the relationship between long-term performance and insertion parameters may also be dependent on other factors. Repetitive trauma causes chondrocyte death, even if each impact is below the threshold for cartilage injury. 8 In the present study, low gross and histological scores, in association with decreased surface cellularity, for 2 grafts that required many more taps than average (~100 taps) (see Supplemental Figure  S3 , available online), may suggest that tap number is important to consider. The decreased performance of these grafts suggests that preserving chondrocyte viability during insertion is also critically important to long-term repair efficacy.
Examining chondrocyte organization by depth after cartilage repair treatments and its association with repair efficacy may help elucidate a critical number of functional chondrocytes within the appropriate cartilage zone(s). Superficial zone cellularity, !18310 6 cells/cm 3 , was essential to maintain gross structural scores 3, which would characterize most FRESH allografts (5/7). Thus, most 4°C-stored allografts, with~15310 6 cells/cm 3 in the superficial zone, did not have sufficient surface cellularity to maintain cartilage structure. In addition, the strong correlation of overall cellularity with cartilage function suggests the importance of maintaining cellularity throughout the depth of cartilage. However, since early tissue degeneration is evident at the articular surface, maintenance of superficial zone cellularity may be a crucial contributor to repair efficacy.
The inferior repair outcomes from 4°C-stored versus fresh allografts suggest that alternative storage protocols that preserve the chondrocyte viability, especially in the superficial zone, are needed to improve long-term repair efficacy. Shorter storage duration (\7 days) that more closely mimics the FRESH condition is one potential option. Alternatively, osteochondral allograft storage at 37°C may be one option to support long-term viability of chondrocyte in vitro, especially at the articular surface. 5, 22, 27 Grafts stored at 37°C may also have better biological performance than 4°C-stored grafts, by providing lubricating molecules such as proteoglycan-4 (PRG4) to maintain a low-friction articulating surface. 35, 36 As some 4°C-stored allografts maintained relatively high surface cellularity, an alternative biological marker of superficial zone health may be useful to screen grafts before implantation. PRG4-secreting function of allografts appears to be maintained in vivo based on its state after storage 28 ; thus, PRG4 secretion may be a useful predictor of suitable graft tissue. The long-term efficacy of allografts stored in conditions to enhance superficial zone chondrocyte viability (ie, 37°C storage) remains to be elucidated.
